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Received 11th October 2007, Accepted 29th November 2007
First published as an Advance Article on the web 14th January 2008
DOI: 10.1039/b715739h
This paper describes the structural, magnetic and EPR properties of hybrid organic/inorganic magnets
formed by anionic heterometallic oxalato-based layers and cationic nitronyl nitroxide (NN) free
radicals of the tetraalkylammonium type. A series of compounds of formula nBu3NCH2NN[MCr(ox)3]
(M ! Mn (1), Ni (2), Zn (3)) has been prepared and studied by AC and DC magnetic susceptibility
measurements and EPR spectroscopy. Magnetic order with critical temperatures ranging from 5 K to
15 K was confirmed. EPR measurements show that the organic spin carriers interact significantly with
the inorganic network.
Introduction
In the last decade, research in molecular magnetism was
propelled by the advantages that molecule-based materials may
offer as compared to classical ones: low-density, flexibility, trans-
parency, processability and chemical versatility, among others.
Recently, more attractive aspects of molecule-based magnets
have been invoked, namely, i) the fine tuning of the magnetic
ordering parameters by external stimuli and ii) the possibility of
combining two or more physical properties in the same material.
In the first context, exotic magnets that are able to respond to
light excitation, electrochemical potential, mechanical treatment
or ambient humidity have been reported.1 Secondly, molecular
materials that combine ferromagnetism with electrical conduc-
tivity, optical activity and nonlinear optical (NLO) behaviour
have been studied.2
Hybrid organic/inorganic compounds with a two-dimensional
(2D) structure are efficient supports for the coexistence of mag-
netism with another physical property. A layered host structure
showing magnetic order can accommodate guest species that
bring an additional property into the system. The well-known
2D oxalato-bridged bimetallic lattices with a honeycomb-like
structure and general formula [MIIMIII(ox)3]
" (MII ! Mn, Ni,
Fe; MIII ! Cr, Fe, Ru; ox ! (C2O4)2") are suitable candidates
for this hybrid approach to multifunctionality: they exhibit
bulk magnetism, with critical temperatures (Tc) ranging between
5 and 30 K, and they can host different countercations between
the layers, providing charge compensation and the additional
property of interest.3,4
We have been interested in the incorporation of paramagnetic
species between the layered magnets with the aim of analyzing
the synergy between the two magnetic systems. Both the
influence of the paramagnetic guest on the ordering parameters
of the bimetallic magnet and the effect of the internal magnetic
field on the spin polarisation of the guest are subjects of study.
In this context, hybrid oxalato-bridged layered compounds
incorporating decamethylferrocenium cations were synthesized
and their structure and magnetic properties studied.5 It was
shown that the ordering temperatures and coercive fields of the
compounds are not affected by the insertion of the paramagnetic
cations. The two independent magnetic sublattices gave distinct
EPR signals. On going below the critical temperature, the para-
magnetic cations behaved as local probes of the internal field
created by the bimetallic layers. On the other hand, when nitronyl
nitroxide (NN) free radicals bearing N-methylpyridinium
moieties were employed as countercations, the EPR spectra of
the hybrid compounds exhibited one single signal, indicating
the existence of exchange interactions between the two magnetic
sublattices.6 This is in agreement with the higher availability of
the spin density in NN radicals as compared to decamethylferro-
cenium (where most of the spin density is sandwiched between
the cyclopentadiene units). To date, these metal–radical layered
materials could only be obtained as amorphous powders by
fast precipitation. Any attempt to crystallize the materials led
to novel oxalato-bridged networks of lower symmetry.6,7 To
solve this problem, we have developed the synthesis of tetraalkyl-
ammonium NN free radicals. Tetraalkylammonium cations
can have a C3 local symmetry similar to that of the hexagonal
layers and combine with them to form crystalline phases. A
cation of this type (Fig. 1) bearing an appended NN subunit
(nBu3NCH2NN
+) can be prepared as a chloride salt by reaction
Fig. 1 Molecular structure of cationic free radical nBu3NCH2NN
+.
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of tributylamine with radical synthon ClCH2NN.
8 Using this
cation, hybrid magnets of formula nBu3NCH2NN[MCr(ox)3]
(M ! Mn (1), Ni (2), Zn (3)) can be prepared. Herein, their
synthesis, structural and magnetic properties are described.
Experimental
Synthesis
Ag3[Cr(ox)3] and the chloride salt
nBu3NCH2NNCl were
prepared as previously described.7,8 All other reagents and
solvents were used as received.
General procedure for the preparation of salts 1–3
Solid Ag3[Cr(ox)3] (0.08 mmol) was added to a solution of
nBu3NCH2NNCl (0.25 mmol) in 5 mL EtOH (96%) and 1 mL
H2O. Separately, Ag3[Cr(ox)]3 (0.17 mmol) was added to a
solution of [M(H2O)n]Cl2 (M ! Mn, Ni, Zn) (0.25 mmol) in
5 mL EtOH (96%) and 1 mL H2O. After 30 min stirring, AgCl
was centrifuged from both suspensions and discarded. The two
supernatant solutions were mixed and the precipitated pink
powder was collected and characterized by IR and elemental
analysis. The water content in the materials was checked by
thermogravimetric analysis. Single crystals of 1 were obtained
by a sol–gel method: the solution containing the free radical was
placed in a tube and treated with 1 mL tetramethoxysilane at 40
#C to afford a silica gel.9 The second solution containing Mn2+
cations was placed on top of the gel. Purple-red plates suitable
for X-ray diffraction appeared in 3–4 weeks.
nBu3NCH2NN[MnCr(ox)3]$3H2O (1$3H2O)
Yield: 134 mg (70%). Found: C, 39.55; H, 6.25; N, 5.28.
C26H47CrMnN3O17 requires C, 40.01; H, 6.18; N 5.26%; nmax/
cm"1 1631 (CO), 1380 (NO) and 1153 (NO).
nBu3NCH2NN[NiCr(ox)3]$3H2O (2$3H2O)
Yield: 98 mg (63%). Found: C, 39.53; H, 5.75; N, 5.68.
C26H47CrN3NiO17 requires C, 39.81; H, 6.04; N, 5.36%; nmax/
cm"1 1624 (CO), 1377 (NO) and 1137 (NO).
nBu3NCH2NN[ZnCr(ox)3]$3H2O (3$3H2O)
Yield: 115 mg (62%). Found: C, 39.80; H, 6.15; N, 5.24.
C26H47CrN3O17Zn requires C, 39.48; H, 5.99; N, 5.31%; nmax/
cm"1 1630 (CO), 1369 (NO) and 1139 (NO).
Characterization techniques
All the magnetic measurements were done on powdered samples
with a magnetometer (Quantum Design MPMS-XL-5) equipped
with a SQUID sensor. Variable temperature susceptibility
measurements were carried out on polycrystalline samples in the
2–300 K temperature range at magnetic fields of 0.1 T. Dia-
magnetic contributions were corrected with Pascal’s constants.
Isothermal magnetization measurements were collected in the
H ! 0–5 T field range at 2 K. The hysteresis studies were per-
formed between 5 and "5 T, at 2 K, cooling the samples at zero
field. AC measurements were performed at different frequencies
with an oscillating magnetic field of 0.395 mT. The ESR spectra
were performed on powdered samples at Q-band (n ! 34 GHz)
with a Bruker E500 ELEXSYS spectrometer equipped with a
helium cryostat to study the thermal dependence in the tempera-
ture range 300–3 K. IR transmission measurements of pressed
KBr pellets were recorded at room temperature with a Nicolet
Avatar 320 FT-IR spectrophotometer in the range 4000–
400 cm"1. CHN elemental analyses were carried out on samples
dried under vacuum in a CE instruments EA 1110 CHNS
analyzer. Thermogravimetric measurements were carried out
with a Mettler Toledo TGA/SDTA 851e apparatus.
Crystal structure determination of salt 1
The crystal structure analysis was carried out on a purple-red,
hexagonal prismatic single crystal with approximate dimensions
0.24 $ 0.17 $ 0.11 mm3. Crystallographic data were collected on
a three-circle diffractometer (Bruker Smart CCD) with a CCD
detector. Intensities were corrected for Lorentzian and polariza-
tion effects. An empirical absorption correction was applied by
using the SADABS program based on the Laue symmetry of
the reciprocal space.10 The structure was solved by direct
methods (SIR97)11 and refined against F2 with a full-matrix
least-squares algorithm using SHELX-9712 and the WinGX
(1.64) software package.13
Crystal data. C26H41CrMnN3O14, M ! 726.56, trigonal,
a ! 9.410(2), b ! 9.410(2), c ! 17.809(4) Å, U ! 1365.7(5) Å3,
T ! 293(2) K, space group P63 (no. 173), Z ! 2, m(Mo-Ka) !
0.943 mm"1, 11318 reflections measured, 2660 unique (Rint !
0.1060) which were used in all calculations. The final wR(F2)
was 0.2790 (all data).
The atomic positions of the anionic 2D [CrMn(C2O4)3]
" net-
work were easily located and refined anisotropically, presenting
the well-known hexagonal honeycomb lattice found in other
previously reported salts containing tetraalkylammonium
cations. However, the ammonium cation nBu3NCH2NN
+ was
severely disordered due to the numerous energetically similar
conformations that the n-butyl chains can adopt and also to the
site symmetry on which the cation lies (a three-fold axis). This
kind of disorder has also been found in most of the previously
reported crystal structures containing a hexagonal bimetallic
oxalate network and nBu4N
+ cations.14 In spite of this, the quater-
nary nitrogen and the carbon atoms of the butyl chains could be
located and refined isotropically using distance restraints. The
nitrogen atom was located on the three-fold axis and one of the
butyl chains (the axial one) inserts into the hexagonal void of
the anionic network.For the equatorial butyl chains, twodifferent
conformations could be assigned. The atomic positions of the
nitronyl nitroxide radical fragment could not be found due to
the severe disorder and the fact that it is present in a smaller
proportion than the butyl chains. Since its presence in the crystal
has been unambiguously demonstrated by means of its physical
properties (see text), the atoms of the nitronyl nitroxide radical
were included in the formula of the compound for the calculations
of F(000), absorption coefficient, molecular weight and density.
The positions of the hydrogen atoms bonded to carbon atoms
were included in calculated positions by using the PART instruc-
tions in SHELXL-97 and treated as riding atoms.†
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Results and discussion
Synthesis and characterization
The preparation of the hybrid magnets 1–3 was undertaken by a
series of metathesis reactions. Thus, treatment of the radical salt
nBu3NCH2NNCl with Ag3[Cr(ox)3] affords (nBu3NCH2NN)3
[Cr(ox)3], which was treated in situ with a solution of divalent
metal cations and [Cr(ox)3]
3" anions to yield the compounds
nBu3NCH2NN[MCr(ox)3] as hydrates (Scheme 1). These salts
were obtained by fast precipitation as amorphous powders.
Only in the case of the manganese(II) salt 1 was a crystalline
material suitable for a structure determination obtained using
a sol–gel method. The structures of 2 and 3 could not be solved
although the magnetic properties of these salts (vide infra) point
clearly to a layered type of structure.
Crystal structure of 1
The crystal structure of 1 contains the well-known honeycomb
lattice (Fig. 2) with the metal ions sitting on a 3-fold axis. Oxalate
anions bridge the metal sites with a Cr(III)–Mn(II) distance of
5.4329(12) Å. The interlayer spacing (half of the c parameter in
P63 space group) is 8.905(2) Å, very similar to that previously
reported for a tetrabutylammonium analogue. Between the layers,
the cationic free radical nBu3NCH2NN
+ is severely disordered
due to site symmetry (three-fold axis) and also to conformational
disorder of the butyl chains. As in previously reported crystal
structures containing a bimetallic oxalate network and nBu4N
+
cations, one of the butyl fragments penetrates into the hexagonal
cavities. Thus, the free radical moiety should be located in the
interlayer space in any of the three equivalent positions created
by the ternary axis.
Magnetic properties of 1–3
The magnetic properties of 1 are very similar to other oxalato-
bridged layered compounds based on Mn2+ and Cr3+ cations.5
The thermal variation of the molar magnetic susceptibility (c)
shows an abrupt increase and becomes field dependent below 6
K (Fig. 3). The cT product equals 6.69 emu K mol"1 at 300 K,
in close agreement with the value expected (6.675 emu K
mol"1) for one Mn2+ ion (S ! 5/2), one Cr3+ ion (S ! 3/2) and
one free radical (S ! 1/2) per formula unit. AC susceptibility
measurements (inset of Fig. 3) exhibit the characteristic peak
at 5.6 K in the in-phase component. The out-of-phase signal
appears at TC ! 5.7 K, pointing to the onset of ferromagnetic
order. Preliminary frequency-dependent studies show that
some glassiness may also develop below this temperature.
The field dependence of the magnetization (Fig. 4) shows
a rapid increase at low fields to reach a value of 7.1 mB at 0.5
T. On further increasing the field, the magnetization increases
smoothly and equals 8.3 mB at the highest field of the experiment
(5 T), still lower than the expected saturation value (9 mB). The
hybrid compound exhibits magnetic hysteresis typical of a soft
magnet, with coercive field (Hc ! 5 mT) and remnant magnetiza-
tion (Mrem ! 0.6 mB) values that are slightly higher than those
observed for analogous MnCr compounds.
The nickel(II)-based compound (2) exhibits a room-tempera-
ture cT value of 3.50 emu K mol"1, slightly higher than the sum
of the paramagnetic contributions of the different spin carriers
(3.25 emu K mol"1). This is attributed to the presence of Ni2+
cations having g ! 2.2. c increases considerably (Fig. 5) upon
cooling and initiates saturation below 15 K, pointing to the pre-
sence of a ferromagnetically ordered phase at low temperatures.
The onset of an out-of-phase signal in the AC susceptibility
Scheme 1
Fig. 2 Bimetallic oxalato-bridged layer. View along the c axis.
Fig. 3 Thermal variation of the molar magnetic susceptibility of 1 in
0.01 and 0.1 T applied fields (empty and filled circles, respectively). The
inset shows the temperature dependence of real (filled circles) and imag-
inary (empty circles) components of the AC susceptibility. The frequency
of the oscillating field was 332 Hz.
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(Fig. 5, inset) measurements below Tc ! 15.5 K provides further
evidence of magnetic order. Again, magnetization hysteresis
loops (Fig. 6) were observed with relatively high coercive field
values (Hc ! 134 mT at 2 K) as compared to previously reported
NiCr oxalato-bridged 2Dmagnets.5 Saturation is almost reached
in a 5 T field with a magnetization value of 5.24 mB.
The Zn-containing hybrid salt 3 exhibits (Fig. 7) a room-
temperature cT value of 2.03 emu K mol"1. This value lies close
to the sum of the calculated contributions for isolated Cr(III) and
free radical units (Zn2+ cations are diamagnetic). cT remains
practically constant (Fig. 7) upon cooling to 10 K. Below this
point, cT increases smoothly on decreasing the temperature to
reach a maximum value of 2.12 emu K mol"1 at 14.3 K. Below
this temperature the cT product decreases rapidly to yield a value
of 1.88 emu K mol"1 at the lowest temperature of the experiment
(2K). This behaviour suggests the presence ofweak ferromagnetic
interactions taking place probably between the nitroxide radicals
and the chromium(III) ions coexisting with a zero field splitting
(ZFS) of the S ! 3/2 spin ground state of the chromium(III)
ions, as confirmed by the EPR measurements (see below).
These assignment has been made assuming that the compound
adopts a structure similar to that of 1, with the butyl fragment
pointing towards the honeycomb lattice and the free radicals
lying in the interlamellar space. These interactions are likely to
occur in 1 and 2 but they are masked by the presence of magnetic
order.
The analysis of the isothermal magnetization curve of 3 reveals
essentially paramagnetic behaviour down to 2 K. Indeed, the
field dependence of the magnetization shows typical Brillouin
behaviour. As expected, saturation is not reached in a 5 T field,
where M equals 3.27 mB.
To summarize, the magnetic properties are very similar to
those previously observed in hybrid compounds based on
a free radical bearing N-methylpyridinium cations.6 For both
families, the magnetic properties of the zinc(II) derivatives
indicate the presence of magnetic interactions between the radi-
cals and the chromium(III) centres. It seems also that the radical
has a role in defining the relatively high coercive field values of
Fig. 5 Thermal variation of the molar magnetic susceptibility of 2 in
a 0.1 T applied field. The inset shows the temperature dependence of
the real (filled circles) and imaginary (empty circles) components of the
AC susceptibility. The frequency of the oscillating field was 110 Hz.
Fig. 4 Hysteresis plot of 1 at 2 K. The inset shows the low-field region. Fig. 6 Hysteresis plot of 2 at 2 K. The inset shows the low-field region.
Fig. 7 Thermal variation of the cT product of 3 in a 0.1 T applied field.
The inset shows the field dependence of the magnetization at 2 K.
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the nickel(II)-based materials, a peculiarity of these hybrid
systems with respect to other oxalato-based compounds.
EPR spectroscopy of 1–3
The Q-band EPR spectrum of 1 at high temperature shows an
asymmetric feature centered at g ! 2.021 with a peak-to-peak
width DHpp ! 320 G (Fig. 8). This feature is very similar to
that observed in the related compound [FeCp*2][MnCr(ox)3].
5
At low temperatures this feature splits into two lines that show
opposite shifts. This behaviour, similar to that observed for
analogous hybrid compounds based on free radicals,6 can be
explained if we assume that this slightly anisotropic feature origi-
nates from the sum of the parallel (gk) and perpendicular (gt)
components of the nitroxide radical. Thus, at low temperatures
the onset of magnetic ordering creates an internal magnetic field
that adds to (or subtracts from) the external applied magnetic
field, resulting in a shift of the nitroxide radical signal towards
lower (or higher) fields. These shifts can be clearly seen in the
plot of the signal position as a function of temperature (inset
in Fig. 8). Note that the signal starts to split around 20 K, well
above the critical temperature, suggesting that the short range
ordering starts at ca. 20 K inside the layers. When lowering the
temperature, the correlation length increases as well as the inter-
nal field. At the lower temperature measured (4.2 K) this internal
field is about 4000 G for both signals (Fig. 8), close to the value
observed in the [FeCp*2][MnCr(ox)3] compound
5 and higher
than that observed (1500 G) in hybrid systems derived from
N-methylpyridinium cations.6
The anisotropic shift can be related to the relative orientation
of the nitroxide planar radical with respect to the inorganic
magnetic layers. Note that although it is impossible to find the
exact orientation of the nitroxide radical due to the three possible
locations generated by the C3 axis, we can assume by steric
reasons that the radical must be almost parallel to the magnetic
layers.
The EPR spectrum of 2 shows similar behavior to that of 1
except for a central narrow signal (DHpp ! 53 G at 267 K)
located at g ! 2.011 corresponding to the presence of impurities
of isolated nitroxide radicals. At low temperatures this signal
almost disappears due to a significant broadening that can be
attributed to the exchange coupling observed in the SQUID
measurements (Fig. 9). Superimposed on this feature, the
spectrum exhibits a broader signal centered at g ! 2.061 that
can be ascribed to the nitroxide radicals located between the
ferromagnetic [NiCr(ox)3]
" layers. This signal increases in inten-
sity and broadens continuously on cooling from a value of DHpp
! 750 G at 161 K to DHpp ! 1150 G at 30 K. Below 30 K this
broad signal splits into two that, as in 1, shift in opposite direc-
tions, as a consequence of the appearance of an internal field
when approaching the critical temperature. From the shifts of
the two signals in 2, we can estimate that the internal field in
this compound is much higher than in compound 1. Thus, at 18
K the internal field is higher than 4000 G (Fig. 9). Below TC,
the spectrum is practically silent with a broad feature centered
at g ! 1.991. This behaviour is very similar to that observed in
the analogous [NiCr(ox)3]
" salt of the cationic pyridinium-
substituted NN radical.6
At room temperature, the EPR spectrum of the paramagnetic
derivative 3 can be viewed as the sum of the contributions of the
different spin carriers in the lattice. An asymmetric signal is
observed with a maximum at g ! 3.5. This signal is characteristic
Fig. 8 EPR spectra (Q-band) of 1 at different temperatures. Inset shows
the thermal dependence of the positions of the peaks of the signals and
the internal field. Fig. 9 EPR spectra (Q-band) of 2 at different temperatures.
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of the [Cr(ox)3]
3" fragment with a zero-field splitting of the
ground state. In the g ! 2.0 region, the expected free radical
signal is superimposed with a broad feature (DHpp ! 350 G)
located at g ! 2.003, corresponding to the axial component of
the chromium(III) centers. Its line width (DHpp ! 450 G at
3.4 K) and intensity increase continuously on lowering the
temperature (Fig. 10).
The interaction between the chromium and radical spin
carriers observed in the magnetic properties is translated in
a broadening of the EPR band of the radical in the g ! 2 region
(dipolar broadening). Indeed, for an uncorrelated free radical in
the solid state a bandwidth not larger than 50–70 G should be
observed.
Conclusions
The present study shows that it is possible to incorporate
nitroxide free radicals in a hybrid organic/inorganic system to
yield a crystalline material built from two sublattices that are
magnetically coupled. This is a consequence of the more accessi-
ble location of the spin density in NN free radicals as compared
to other paramagnetic species. An interesting aspect of this work
is the relatively high value of the coercive field observed in the
nickel(II) derivatives. This suggests the possibility of tuning the
magnetization of the samples by changing the oxidation state
of the free radical, an interesting point in view of potential
applications. Also, single crystal measurements are under way
to study the magnetic anisotropy of the material and the effect
of magnetic ordering in the spin polarization of the free radicals.
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